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ABSTRACT

The Moderate Resolution Imaging Spectroradiometer (MODIS) and the Atmospheric Infrared Sounder
(AIRS) measurements from the NASA Earth Observing System Aqua satellite enable global monitoring of
the distribution of clouds during day and night. The MODIS is able to provide a high-spatial-resolution (1–5
km) cloud mask, cloud classification mask, cloud-phase mask, cloud-top pressure (CTP), and effective cloud
amount during both the daytime and the nighttime, as well as cloud particle size (CPS) and cloud optical
thickness (COT) at 0.55 �m during the daytime. The AIRS high-spectral-resolution measurements reveal
cloud properties with coarser spatial resolution (13.5 km at nadir). Combined, MODIS and AIRS provide
cloud microphysical properties during both the daytime and nighttime. A fast cloudy radiative transfer
model for AIRS that accounts for cloud scattering and absorption is described in this paper. One-
dimensional variational (1DVAR) and minimum-residual (MR) methods are used to retrieve the CPS and
COT from AIRS longwave window region (790–970 cm�1 or 10.31–12.66 �m, and 1050–1130 cm�1 or
8.85–9.52 �m) cloudy radiance measurements. In both 1DVAR and MR procedures, the CTP is derived
from the AIRS radiances of carbon dioxide channels while the cloud-phase information is derived from the
collocated MODIS 1-km phase mask for AIRS CPS and COT retrievals. In addition, the collocated 1-km
MODIS cloud mask refines the AIRS cloud detection in both 1DVAR and MR procedures. The atmo-
spheric temperature profile, moisture profile, and surface skin temperature used in the AIRS cloud retrieval
processing are from the European Centre for Medium-Range Weather Forecasts forecast analysis. The
results from 1DVAR are compared with the operational MODIS products and MR cloud microphysical
property retrieval. A Hurricane Isabel case study shows that 1DVAR retrievals have a high correlation with
either the operational MODIS cloud products or MR cloud property retrievals. 1DVAR provides an
efficient way for cloud microphysical property retrieval during the daytime, and MR provides the cloud
microphysical property retrievals during both the daytime and nighttime.

1. Introduction

Clouds play an important role in the earth’s water
and energy budgets. Their impact on the radiation bud-
get can result in a heating or a cooling of the planet,
depending on the radiative properties of the cloud and
its altitude (Stephens and Webster 1981; Stephens et al.
1990). Because clouds have such a large effect on the
earth’s radiation budget, even small changes in their
abundance or distribution could alter the climate more

than the anticipated changes from trace gases, aerosols,
or other factors associated with global change.

Cloud parameters, such as cloud-top pressure (CTP),
effective cloud emissivity or effective cloud amount
(ECA), cloud particle size (CPS) in diameter, cloud
optical thickness (COT) at 0.55-�m wavelength, ice wa-
ter path (IWP), and liquid water path (LWP), are im-
portant to weather and climate prediction (Diak et al.
1998; Bayler et al. 2000; Kim and Benjamin 2000;
Stephens et al. 1990).

The capability to make cloud microphysical property
measurements from instruments on the National Aero-
nautics and Space Administration (NASA) Earth Ob-
serving System (EOS) Terra and Aqua satellites is un-
precedented. These unique global measurements in-
clude radiances from the visible (VIS), near-infrared
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(NIR), infrared (IR), and microwave spectral regions
and are available at spatial scales from a few hundred
meters to a few tens of kilometers. The twice-daily tem-
poral resolution makes these instruments well suited
for the comprehensive study of some significant
weather events such as tropical cloud systems and pro-
cesses (TCSP). The EOS instruments that will be uti-
lized in this study include the Moderate Resolution Im-
aging Spectroradiometer (MODIS) and the Atmo-
spheric Infrared Sounder (AIRS).

MODIS on the EOS Terra and Aqua satellites pro-
vides multispectral broadband measurements and cloud
products with high spatial resolution not seen before.
MODIS cloud products (information available online
at http://daac.gsfc.nasa.gov/MODIS/products.shtml) in-
clude, but are not limited to, the cloud mask (Acker-
man et al. 1998) that provides each MODIS 1-km pixel
with a clear index (confident clear, probably clear, con-
fident cloudy, probably cloudy), the cloud-phase mask
(Strabala et al. 1994; Baum et al. 2000) with 1-km reso-
lution that provides each MODIS 1-km pixel with a
phase index (water clouds, ice clouds, mixed phase,
etc.), the cloud classification mask (CCM) with 1-km
resolution (Li et al. 2003), the CTP and ECA from
MODIS carbon dioxide (CO2) band measurements
with 5-km spatial resolution (Frey et al. 1999), and the
CPS and COT with 1-km spatial resolution (King et al.
2003; Platnick et al. 2003).

MODIS measurements provide the crucial informa-
tion to quantify ice water content for optically thin cir-
rus (King et al. 1992), enabling a global assessment of
IWP in cirrus clouds. IWP measurements are urgently
needed for the evaluation of cloud forcing, net radia-
tion balance, and cloud formation and parameteriza-
tion in general circulation models.

The AIRS (see information online at http://www
-airs.jpl.nasa.gov; Aumann et al. 2003) on NASA’s
EOS Aqua satellite is a high-spectral-resolution (�/��
� 1200, where � is the wavenumber and �� is the width
of a band) IR sounder with 2378 channels. AIRS mea-
sures radiances in the IR region 3.74–15.4 �m, which,
together with the Advanced Microwave Sounding Unit
(AMSU), yields the vertical profiles of atmospheric
temperature and water profiles from the earth’s surface
to an altitude of 40 km with horizontal resolution of
approximately 45 km (the AMSU footprint covers 3 by
3 AIRS footprints) (Susskind et al. 2003). Taking ad-
vantage of high-spectral-resolution AIRS longwave
cloud-sensitive radiance measurements, CTP and ECA
in theory can be retrieved with better accuracy than
that from MODIS (Li et al. 2004b). AIRS is also suited
for cloud microphysical property sensing such as CPS
(in diameter) and COT with its high-spectral-resolution

IR radiances during both the daytime and nighttime,
although hyperspectral IR radiance is most sensitive to
CPS and COT in only finite ranges of values (Huang et
al. 2004b). LWP or IWP can then be inferred from CPS,
COT, and the mean extinction efficiency of the clouds.

The focus of this paper is to demonstrate the cloud
property information and to derive high-quality cloud
microphysical properties such as CPS and COT from
the synergistic use of MODIS and AIRS during both
the daytime and nighttime. Our approach takes advan-
tage of the significant amount of spectral and spatially
independent information provided by the MODIS and
AIRS sensors. For example, the operational MODIS
cloud mask and cloud-phase mask (CPM) with 1-km
spatial resolution collocated to the AIRS footprints
provide better AIRS subpixel cloud detection and
phase determination because of the MODIS VIS/NIR
and 8.5-�m spectral bands (AIRS has coarser spatial
resolution and does not have 8.5-�m channels). Those
derived cloud products from MODIS/AIRS will be
available for the studies of some significant weather
events such as tropical cyclone genesis, intensification,
and rainfall of the TCSP.

Studies have shown that CTP and ECA can be de-
rived from AIRS CO2 absorption region (650–790 cm�1

or 15.38–12.66 �m) radiances or combination of AIRS
CO2 radiances and MODIS cloud products from CO2

spectral bands. The CTP and ECA retrievals from com-
bination of AIRS radiance measurements and the
MODIS cloud products from CO2 bands are better
than those from MODIS alone; they are also slightly
better than those from AIRS alone (Li et al. 2004b)
when compared with ground observations. The EOS
MODIS/AIRS provide quantitative information on
COT and cloud water and ice content that should help
to overcome shortcomings in the treatment of cloud
processes in climate models and the lack of the obser-
vational constraints needed to characterize these pro-
cesses accurately or to validate models. The MODIS/
AIRS cloud products will improve and validate cloud
information derived from other EOS satellites, as well
as the operational weather and environmental satel-
lites.

Algorithms have been developed for retrieving cloud
microphysical properties from visible, near-IR, and IR
multispectral bands (Nakajima and King 1990; Ou et al.
1999; Minnis et al. 1993a,b; Heidinger 2003; Cooper et
al. 2003). They usually work well during the daytime
because of cloud-sensitive solar illumination measure-
ments. High-spectral-resolution IR sounder data such
as AIRS are able to provide consistent cloud micro-
physical properties during both the daytime and night-
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time. Use of advanced sounder data such as aircraft-
based High-Resolution Interferometer Sounder (HIS)
(Smith et al. 1993; Kahn et al. 2003) and EOS AIRS for
analyzing the ice cloud optical thickness property has
been also investigated (Huang et al. 2004a; Wei et al.
2004). However, quantitative retrieval of COT and CPS
from AIRS has not been routinely made. In this paper,
a fast cloudy radiative transfer model is developed to
retrieve the COT and CPS simultaneously with one-
dimensional variational (1DVAR) and minimum re-
sidual (MR) approaches. Operational COT and CPS
product from the high-spatial-resolution MODIS serves
as background in the AIRS 1DVAR cloud retrieval
(hereinafter referred to as MODIS � AIRS 1DVAR),
and the cloud microphysical property retrievals can also
be derived from AIRS radiances with the MR algo-
rithm (hereinafter referred to as AIRS MR), which
does not use MODIS COT and CPS as background.
The algorithms derive cloud microphysical properties
from synergistic use of MODIS and AIRS data during
both the daytime and nighttime. The MODIS cloud
mask (part of data product MYD35), cloud-phase mask
(MYD06), and cloud microphysical property products
(MYD06) along with the AIRS radiances are used for
cloud microphysical property retrieval during the day-
time, whereas MODIS cloud mask (MYD35) and
cloud-phase mask (MYD06) along with AIRS radi-
ances are used during both the daytime and nighttime.
A simulation study shows that the accuracy of cloud
microphysical property retrieval is sensitive to the error
of CTP. The CPS and COT retrievals from AIRS MR
have been compared with the operational MODIS
cloud microphysical property products (MYD06). A
high correlation between operational MODIS and
AIRS MR was found for CPS and COT. MODIS pro-
vides cloud microphysical properties during the day-
time with high spatial resolution, while AIRS provides
cloud products from high-spectral-resolution radiances
but at a relatively coarser spatial resolution during both
the daytime and nighttime.

Synergistic use of a high-spatial-resolution imager,
along with information from a high-spectral-resolution
IR sounder, described in this paper, is analogous to
instruments planned for the next-generation Geosta-
tionary Operational Environmental Satellite (GOES)-R
instruments (Gurka and Schmit 2004)—the Advanced
Baseline Imager (ABI) (Schmit et al. 2005) and the
Hyperspectral Environmental Suite (HES)—as well as
the Visible Infrared Imaging Radiometer Suite (VIIRS)
and Cross-Track Infrared Sounder (CrIS) on the Na-
tional Polar-Orbiting Operational Environmental Sat-
ellite System (NPOESS). It can also be applied to pro-

cess EOS direct-broadcast MODIS/AIRS data (Huang
et al. 2004a).

Section 2 describes the fast cloud radiative transfer
model for calculating the AIRS longwave cloudy radi-
ances. Section 3 analyzes the cloud information and
sensitivity from AIRS longwave radiances. Section 4
describes the 1DVAR and MR schemes for the cloud
microphysical property retrieval. Section 5 presents
some simulation results and retrieval error analysis.
Section 6 compares the operational MODIS cloud
products with the MODIS � AIRS 1DVAR and the
AIRS MR cloud microphysical property retrievals. The
results and implications are discussed in section 7. Fu-
ture extensions and conclusions are summarized in sec-
tion 8.

2. Fast cloudy radiative transfer model

Through the joint efforts of the University of Wis-
consin—Madison and Texas A&M University, a fast
radiative transfer cloud model for hyperspectral IR
sounder measurements has been developed (Wei et al.
2004). For ice clouds, the bulk single-scattering prop-
erties of ice crystals are derived by assuming aggregates
for large particles (�300 �m), hexagonal geometries
for moderate particles (50–300 �m), and droxtals for
small particles (0–50 �m) (Yang et al. 2001, 2003). For
water clouds, spherical water droplets are assumed, and
the classical Lorenz–Mie theory is used to compute
their single scattering properties. In the model input,
the cloud optical thickness is specified in terms of its
visible optical thickness at 0.55 �m. The IR COT for
each AIRS channel can be derived through the follow-
ing relationship:

� �
�Qe	

2
�vis, 
1�

where � is the cloud optical thickness and �Qe	 is the
bulk mean extinction efficiency. Given the visible COT
and CPS, the IR COT, the single-scattering albedo, and
the asymmetry factor can be obtained from a pre-
described parameterization of the bulk radiative prop-
erties of ice clouds and water clouds. The detailed pa-
rameterization scheme has been reported in previous
work (Wei et al. 2004). The cloudy radiance for a given
AIRS channel can be computed by coupling the clear-
sky optical thickness and the cloud optical effects. The
cloud optical effects are accounted for by using a pre-
computed lookup table of cloud reflectance and trans-
mittance on the basis of fundamental radiative transfer
principles. The clear-sky optical thickness is derived
from a fast radiative transfer model called Stand-Alone
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AIRS Radiative Transfer Algorithm (SARTA) (Han-
non et al. 1996; Strow et al. 2003; see information online
at http://asl.umbc.edu/pub/rta/sarta/); it has 100 pres-
sure layers (101 pressure levels), with vertical coordi-
nates from 0.005 to 1100 hPa. The computation takes
into account the satellite zenith angle, absorption by
well-mixed gases (including nitrogen, oxygen, etc.), wa-
ter vapor (including the water vapor continuum),
ozone, and carbon dioxide. Studies show that the slope
of an IR cloudy brightness temperature (BT) spectrum
between 790 (12.6 �m) and 960 (10.4 �m) cm�1 is sen-
sitive to the CPS and the cloudy radiances are sensitive
to COT in the region from 1050 (9.5 �m) to 1250 (8
�m) cm�1 for ice clouds (Huang et al. 2004b; Wei et al.
2004). The root-mean-square (rms) difference between
the IR fast cloud model and the discrete ordinates ra-
diative transfer (DISORT; Stamnes et al. 1988) calcu-
lation is less than 0.5 K for most AIRS spectral chan-
nels (Wei et al. 2004). Figure 1 shows the AIRS BT
calculations at nadir view for ice clouds with various
COTs and CPSs. A tropical atmosphere with a CTP of
300 hPa is used in the calculation. In the cloudy radia-
tive transfer model, the clouds are treated as being op-
tically thick but physically thin. Therefore, the cloud-
base height is not assumed in the model (Wei et al.
2004). There are very good radiance signals for COT
and CPS in the AIRS longwave window region, indica-
tive of cloud microphysical properties retrievable from
the AIRS longwave window regions (790–950 and
1050–1130 cm�1) radiance measurements.

3. Sensitivity of AIRS longwave window radiances
to cloud microphysical properties

With the fast cloudy radiative transfer calculation,
the sensitivity of the AIRS longwave window (790–1130
cm�1 or 8.85–12.66 �m) radiances to cloud microphysi-
cal properties can be analyzed. The magnitude for CPS
sensitivity is the BT sensitivity (delta BT) resulting
from changing CPS by 20%; the magnitude for COT
sensitivity is the BT sensitivity (delta BT) resulting
from changing COT by 20%. Figure 2 shows the CPS
sensitivities for ice clouds (upper panel) and water
clouds (lower panel) of AIRS wavenumbers ranging
from 790 to 1130 cm�1 for a tropical atmosphere at
nadir view. The surface skin temperature is set equal to
the surface air temperature in the sensitivity calcula-
tions. The y ordinate is the COT from 0.01 to 100, and
the x abscissa is the wavenumber for AIRS longwave
channels with step size of �� for wavenumber �, where
�/�� � 1200. The blue color indicates strong sensitivity;
the red color shows an opposite but weak sensitivity. In
general, ice clouds have larger CPS sensitivity than wa-

ter clouds; AIRS channels with wavenumbers between
900 and 1130 cm�1 (or 8.85–11.1 �m) have good CPS
sensitivity when the COT is less than 5. CPS of very
thick clouds (COT �10) or very thin clouds (COT
0.1) is more difficult to retrieve, according to Fig. 2.
Other information analysis techniques (Rodgers 2000)
can also be used to study the cloud microphysical sen-
sitivity in IR radiances.

Note that both AIRS and MODIS only have IR ra-
diances during nighttime; AIRS provides more spectral
cloud property information than MODIS, whereas
MODIS provides better spatial information. The AIRS
cloudy radiative transfer model accounts for the effect
of COT and CPS at all wavenumbers; only the wave-
number regions most sensitive to CPS and COT are
selected in retrieval according to the sensitivity analysis
(see Figs. 1 and 2). Using selected regions instead of all
regions will retain cloud microphysical property infor-
mation while making the computation efficient.

4. The MR and 1DVAR retrieval schemes

Given the AIRS-observed cloudy radiance Rm for
each channel, then R � R(T, q, Ts, �s, De, �vis), which
has the form

Y � F 
X� � �, 
2�

where De is CPS in diameter, �vis is the COT at 0.55 �m,
the vector � is the observation error vector including
forward model uncertainty, and vector X contains CPS
and COT. The atmospheric temperature profile T(p),
moisture profile q(p), and surface skin temperature Ts

are assumed to be known from the European Centre
for Medium-Range Weather Forecasts (ECMWF) fore-
cast analysis, infrared surface emissivity �s is assumed
to be 0.98 in the longwave region, Y contains N satel-
lite-observed cloudy radiances Rm, and F(X) is the fast
cloud radiative transfer model for calculating the IR
cloudy radiances from the cloud state X.

The AIRS MR method seeks the CPS and COT by
minimizing the differences between the observations
and the calculations using AIRS longwave channels
(790–1130 cm�1, or 8.85–12.7 �m). That is,

JMR
X� � �Ym � F 
X��TE�1�Ym � F 
X��, 
3�

where the vector X contains the CPS and COT that
need to be solved, Ym is the vector of the AIRS-mea-
sured cloudy radiances used in the retrieval process,
and E is the observation error covariance matrix, which
includes instrument noise plus the assumed forward
model error. To solve Eq. (3), three steps for CPS and
COT retrieval are used in the MR scheme. In step 1,
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FIG. 1. AIRS (BT) calculations for ice clouds with various (top) COTs and (bottom) CPSs.
A tropical atmosphere is used for the calculations.
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with retrieved CTP and ECA from AIRS radiances of
CO2 channels (Li et al. 2004b), an initial COT is esti-
mated as

�*vis � �2 ln
1.0 � N�c�, 
4�

where N�c is the ECA from AIRS radiances in the CO2

region (700–790 cm�1) (Li et al. 2004b) and �*vis is the

initial COT. In step 2, with the initial COT, the CPS is
retrieved with the MR scheme [Eq. (3)] using AIRS
channels with wavenumbers between 790 and 960 cm�1.
In step 3, with retrieved CPS from step 2, the estimated
COT is retrieved with the MR scheme [Eq. (3)] using
AIRS channels with wavenumbers between 1080 and
1130 cm�1. In practice, these three steps are iterated for

FIG. 2. Sensitivity of CPS for ice clouds and water clouds. A tropical atmosphere is used for the
calculations. The unit of the color bar is BT difference (K).
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the improved retrieval of CPS and COT with the MR
scheme.

To handle the nonlinearity of the cloud microphysi-
cal properties to the AIRS radiances, the MODIS �
AIRS 1DVAR algorithm for CPS and COT retrievals
uses the operational MODIS CPS and COT (King et al.
2003; Platnick et al. 2003) as the background informa-
tion to obtain the cloud parameters from the AIRS
longwave spectral-band cloudy radiance measure-
ments. AIRS channels with wavenumbers between 790
and 1130 cm�1 are used in the CPS and COT retrieval.
The linear form of Eq. (2) is

�Y � F� · �X, 
5�

where F� is the linear or tangent model of the forward
model F, which is outlined by Eq. (2).

The 1DVAR approach is to minimize a penalty func-
tion J(X); the general form of the 1DVAR solution
(Eyre 1989) is given by

J
X� � �Ym � F 
X��TE�1�Ym � F 
X��

� 
X � XB�TB�1
X � XB�, 
6�

where XB is the background information inferred from
the MODIS operational CPS and COT products and B
is the assumed background error covariance matrix that
constrains the solution. To solve Eq. (6), a Newtonian
iteration is used:

Xn�1 � Xn � J�
Xn��1 · J�
Xn�, 
7�

and the following quasi-nonlinear iterative form (Eyre
1989) is obtained:

�Xn�1 � 
F�n
TE�1 · F�n � B�1��1 · F�n

TE�1 · 
�Yn

� F�n · �Xn�, 
8�

where �Xn � Xn � XB, �Yn � Ym � Y(Xn), and F�n
from Eq. (5) represents the linear terms with �R expan-
sion of Eq. (2).

The background error covariance matrix B is as-
sumed to be diagonal with a standard deviation of 20%
for the MODIS CPS and COT. The logarithms of CPS
and COT are used to stabilize the solution of Eq. (8),
and the background error is 0.2 for both ln De and ln
�vis. The measurement error covariance matrix E is a
fixed diagonal matrix in which each diagonal element is
�2 [see Eq. (2)], that is, the square of the AIRS instru-
ment noise plus the square of an assumed forward
model error of 0.5 K for each longwave channel. The
first-guess X0, or the starting point of the iteration in
Eq. (8), is also the MODIS CPS and COT product.

Quantifying the radiative transfer model uncertainty
is very important for cloud microphysical property re-

trieval (Cooper et al. 2003). However, estimation of the
model uncertainty, especially the bias, is difficult; based
on the comparisons between the fast radiative transfer
model and the DISORT model, the rms difference is
less than 0.5 K in the AIRS longwave IR region for
most cloud cases, and an uncertainty of 0.5 K is as-
sumed as the model error. Note that 0.5 K might be
conservative for the fast cloud radiative model; uncer-
tainties resulting from variable ice crystal habits and
size distribution, multilayered clouds, and so on, need
to be quantified and included in future work.

Operational MODIS cloud microphysical property
products with 1-km spatial resolution during the day-
time (King et al. 2003; Platnick et al. 2003) provide the
background information for the MODIS � AIRS
1DVAR retrieval. Figure 3 shows the MODIS CPS (in
diameter) arithmetically averaged to the AIRS foot-
prints for Hurricane Isabel at 1825 UTC 17 September
2003.

Both MODIS and AIRS data are synergistically used
in the MODIS � AIRS 1DVAR and the AIRS MR
scheme; both use the MODIS cloud mask and CPM for
AIRS cloud detection and phase determination. The
MODIS cloud mask, CCM, and CPM products provide
AIRS sounder subpixel cloud characterization during
the daytime and nighttime (Li et al. 2004a) as follows:
(a) the collocated MODIS 1-km cloud mask indicates
whether an AIRS footprint is clear or cloudy, (b) the
collocated MODIS 1-km CPM indicates whether an
AIRS subpixel contains water clouds, ice clouds, or
mixed phase clouds—information that is required in the
cloud microphysical property retrieval; (c) the collo-

FIG. 3. MODIS CPS (�m) arithmetically averaged to the AIRS
footprints for Hurricane Isabel.
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cated MODIS 1-km CCM helps to determine whether
an AIRS subpixel is partly cloudy or overcast and
whether it is characterized by single-layer clouds or
multilayer clouds. CCM can also be used to validate the
ECA and COT retrievals.

5. A simulation study for the AIRS MR cloud
microphysical property retrieval

To investigate the sources of errors in the cloud mi-
crophysical property retrieval with AIRS data, 450 ra-
diosonde profiles from around the globe, representing
various atmospheric conditions, were selected for this
simulation. Fifty combinations were formed from each
profile by assigning 50 COTs (0.04–100) and one CPS
of 30 �m with 10-�m random variation corresponding
to very thin to thick clouds; only ice clouds are as-
sumed. The AIRS longwave cloudy radiances were
simulated [using Eq. (2)] for all combinations for each
profile. The AIRS instrument noise plus an assumed
forward model error was randomly added into each
AIRS channel cloudy radiance calculation. The simu-
lation study focused on the following two configura-
tions:

1) Assume that the CTP has an error of 50 hPa; an
observation error—instrumental � forward model
� other uncertainties—of 0.0, 0.25, and 0.5 K is as-
sumed, respectively. This simulation will help to an-
swer the question of how much improvement of

cloud property retrieval will there be if the radiative
transfer model is perfect (no error) or improved
(uncertainty reduced by one-half).

2) Assume that the observation has an error of 0.5 K; a
cloud pressure error (CPE) of 0, 25, and 50 hPa is
assumed, respectively.

For atmospheric temperature, a 1.5-K random error
was assumed at each pressure level, which is close to the
accuracy of the forecast model analysis, and a 15% er-
ror was included for water vapor mixing ratio at each
pressure level. For the surface skin temperature a ran-
dom error of 2.5 K was assumed, and a 0.015 error was
included for the IR surface emissivity. Studies (Menzel
et al. 1992; Wei et al. 2004) show that errors of the
temperature profile from forecasts have less impact on
cloud property retrieval than do other error sources
such as the forward model uncertainty. Figure 4 shows
the retrieved CPS root-mean-square error (rmse) with
respect to truth as a function of COT; the upper panel
reveals the results of configuration 1, and the lower
panel reflects the results of configuration 2. It can be
seen that the impact of observation error on retrieval is
much less than that of CPE. With an error of 50 hPa for
CTP, there is less difference between the retrievals with
observation errors of 0.25 and 0.5 K; however, the CPS
retrieval is significantly improved with the CPE re-
duced from 50 to 25 hPa, indicating that the CPE is the
major error source for the CPS retrieval. Figure 4 also

FIG. 4. Simulated CPS retrieval rmse as a function of COT.
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shows that when the clouds are very thin (COT 0.1)
or very thick (COT �5), the CPS retrieval error is in-
creased, which is consistent with the sensitivity analysis
(see Fig. 2). Figure 5 is the same as Fig. 4, but for the
COT-retrieval rmse. Again, CPE is the major source of
error for the COT retrieval; thin clouds are easier to
retrieve with regard to the COT and CPS than are thick
clouds with the AIRS data. Based on the previous stud-
ies, the CPE from hyperspectral sounder data, such as
AIRS data, is approximately 15–30 hPa for most clouds
(Li et al. 2004b), and the CPE from MODIS is approxi-
mately 50 hPa (Frey et al. 1999).

6. Retrieval of cloud microphysical properties
from MODIS and AIRS

A granule of AIRS data was studied. Each granule
contains 135 lines, with each line containing 90 pixels.
Figure 6 shows the AIRS (granule 184) longwave win-
dow channel 763 (901.69 cm�1) BT images at 1825 UTC
17 September 2003 for Hurricane Isabel. The red color
indicates a warm scene or clear skies, and the blue color
represents a cold scene or cloudy skies. Boxes A1 and
A2 in Fig. 6 indicate the two small areas on the hurri-
cane center and edge. The 1-km MODIS pixels are
collocated within an AIRS footprint with collocation
accuracy better than 1 km provided that the geometry
information from both instruments is accurate (Li et al.
2004a). Radiances from 14 MODIS spectral bands are
used to estimate whether a given view of the earth’s

surface is affected by clouds, aerosol, or shadow (Ack-
erman et al. 1998), and the MODIS operational cloud
mask product MYD35 was used in this study. The
AIRS footprint is determined to be cloudy for cloud
retrieval only when the percentage of the clear MODIS
pixels within the AIRS footprint is less than 97%. The
atmospheric temperature and moisture profiles, as well
as the surface skin temperature, are taken from the
ECMWF forecast model analysis in both the 1DVAR
and the MR retrievals.

Figure 7 shows the COT (upper panel), and the CPS
(lower panel; �m) images with the MR algorithm. The
CPS from the AIRS MR is similar to that from the
operational MODIS (see Fig. 3) in pattern. However,
the CPS retrievals inside the hurricane are a little noisy
because AIRS radiance measurements are saturated
for cloud microphysical properties when viewing
opaque convective clouds and CPS information is lim-
ited. Figure 8 shows a scatterplot between the MR
COTs and the MODIS � AIRS 1DVAR COTs (upper
panel) for ice clouds of the same hurricane case; both
the MODIS � AIRS 1DVAR and the AIRS MR ob-
tain similar COT results, although MR does not use the
MODIS COT and CPS background in retrieval, indi-
cating that both methods are stable. However, the
MODIS � AIRS 1DVAR is more computationally ef-
ficient than the AIRS MR. The scatterplot between the
operational MODIS VIS/NIR COTs and the AIRS MR
COTs for ice clouds is also shown in Fig. 8 (lower
panel); the MODIS 1-km COTs are arithmetically av-

FIG. 5. Simulated COT retrieval rmse as a function of COT.
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eraged to AIRS footprint, and the differences between
MODIS VIS/NIR-derived COTs and AIRS IR-derived
COTs are large. However, the correlation between the
operational MODIS COTs and the AIRS IR COTs is
high (greater than 0.75 in this case), revealing that
AIRS is able to provide useful COT information during
both the daytime and nighttime.

Several AIRS footprints are selected for more de-
tailed analysis. Figure 9 shows the MODIS 1-km CCM
superimposed on the AIRS footprints for boxes A1
(left panel) and A2 (right panel), shown in Fig. 6; three
adjacent AIRS footprints (F1, F2, and F3) in box A1
representing three layers of thick clouds at the center of
the hurricane indicated by the 1-km CCM are selected
for a retrieval test. The upper panels of Fig. 10 show the
AIRS spectra of BT observations (black line), BT cal-
culations with the MODIS � AIRS 1DVAR (red line),
and BT calculations with the AIRS MR (blue line) for
the three footprints (F1: left panel; F2: middle panel;
F3: right panel). The BT differences between the ob-
servations and the calculations for the three AIRS foot-
prints are shown in the lower panels. The CTP retriev-
als (Li et al. 2004b) are different from the three foot-

prints, and they are well retrieved by the 1DVAR
(185.779, 238.233, and 345.947 hPa) and the MR
(200.989, 262.140, and 353.013 hPa). Also, the COT re-
trievals from the three adjacent footprints are consis-
tent with ECA retrievals in both the MODIS � AIRS
1DVAR and the AIRS MR. Clouds are thicker outside
the center than those inside the center. Calculations
with both the MODIS � AIRS 1DVAR and the AIRS
MR retrievals fit the observations well for all three
footprints. Figure 11 is the same as Fig. 10, but for the
three AIRS footprints in box A2 (see Fig. 6 for box A2)
representing ice clouds (F5: left panel), ice clouds over
water clouds (F4: middle panel), and scattered ice
clouds over water clouds (F6: right panel), according to
the MODIS 1-km CCM. The calculations fit the slope
of the observations very well, indicating good sensitiv-
ity of AIRS radiance measurements to the microphysi-
cal properties for ice clouds.

Footprints F7 and F8 (see box A2 in Fig. 9) represent
thin water clouds and thick water clouds, respectively,
according to the MODIS CCM. The upper panel of
Fig. 12 shows the AIRS BT observations, BT calcula-
tions with the MODIS � AIRS 1DVAR cloud proper-

FIG. 6. AIRS BT image of granule 184 on 17 Sep 2003 for channel 763 (901.69 cm�1); boxes A1 and A2
indicate two small areas near hurricane center and edge.
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ties, and BT calculations with the AIRS MR cloud
properties for footprints F7 (left panel) and F8 (right
panel). The BT differences between the observations
and calculations for the two footprints are shown in
lower panels. For F7, there are significant cloud prop-
erty differences between the MODIS � AIRS 1DVAR
and the AIRS MR; the AIRS MR–retrieved COT and
ECA are more consistent with the MODIS CCM (thin
clouds) than those retrieved from the MODIS � AIRS
1DVAR. Because the difference between the clear cal-
culation and the observation is small for the MODIS
11-�m band, an IR window technique was applied for
MODIS CTP that assigns a low cloud CTP and high
ECA. In the IR window technique, the cloudy field-of-
view is assumed to be overcast, and the CTP is found

by minimizing the BT difference between the obser-
vation and calculation from an IR window spectral
band, for example, the 11-�m spectral band (Menzel
et al. 1992). The window technique may introduce an
increased CPE when the clouds are thin and low, re-
sulting in imperfect CTP and ECA retrievals with the
MODIS � AIRS 1DVAR (Li et al. 2004b). In such a
situation, the cloud microphysical property retrieval
will also be affected. Similarly, in footprint F8, the
AIRS MR-retrieved COT and ECA are much smaller
than that from the MODIS � AIRS 1DVAR, al-
though the CCM indicates overcast low clouds for this
footprint. Note that overcast clouds are not necessarily
optically thick. In general, the MODIS � AIRS
1DVAR approach is efficient; it performs very well,
except for in some cases in which the clouds are thin
and low.

Clouds are very optically thick inside the hurricane
while they are less optically thick in the hurricane cen-
ter (eye), according to the study. Larger particles are
found near the center of the tropical cyclone. The tech-
niques can be applied to process MODIS/AIRS for
cloud-property retrieval during both the daytime and
nighttime. Figure 13 shows the AIRS BT image at a
window channel (upper panel) and the COT retrieval
image with the MR method on 2 September 2003; the
MODIS cloud mask and CPM are used to help the
AIRS COT and CPS retrievals, as mentioned above.
The COT pattern is consistent with the AIRS BTs; the
hurricane, thick clouds, and thin clouds are depicted
well by COT retrievals.

7. Discussion

Synergistic use of MODIS and AIRS data provides a
novel way to estimate the cloud properties. Taking ad-
vantage of the MODIS mask products (cloud mask,
CCM, CPM) with 1-km spatial resolution, using
MODIS microphysical cloud products (COT, CPS) as
the background information in the AIRS variational
retrieval, and using the abundant spectral information
of the AIRS measurements to identify the cloud micro-
physical properties (CPS, COT), the cloud property re-
trievals can be derived during both the daytime and
nighttime. For example, MODIS can provide AIRS
with a good cloud mask because of it high spatial reso-
lution, and it can also provide a reliable cloud-phase
mask because of its 8.5-�m band, which is sensitive to
cloud phase (AIRS does not have this spectral region).
The CPE is the major source of error in the CPS and
COT retrieval, according to the simulation. Aside from
CPE, forward-model uncertainty and instrumental
noise also exhibit impact on the retrievals.

FIG. 7. (top) COT and (bottom) CPS (�m) images with MR
algorithm.
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A realistic fast radiative transfer model able to simu-
late the real cloud situation is crucial for cloud micro-
physical property retrieval. Diversified ice crystal
shapes need to be included in the radiative transfer
model. At this time only single-layer clouds are as-
sumed in the cloud radiative transfer model; for ex-

ample, when there is ice over water clouds, only the ice
cloud situation is considered in the retrieval, and the
CPS and COT retrievals might be biased from the “true
solution,” although the calculations fit the observations
very well. A fast cloudy radiative transfer model ad-
dressing two-layer clouds, especially the ice-over-water

FIG. 8. (top) Scatterplot between the MODIS � AIRS 1DVAR COTs and the MR COTs
for ice clouds of Hurricane Isabel, and (bottom) scatterplot between the MODIS VIS/NIR
COTs and AIRS MR COTs for ice clouds.
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situation, is under development. In general, IR sound-
ers can determine the cloud-top height very well, and
they can also retrieve the cloud microphysical proper-
ties with good accuracy for semitransparent cirrus
clouds (Wei et al. 2004); however, the retrieval accu-
racy is degraded when clouds are thick because of lack
of penetration into the cloud of the IR radiance mea-
surements (see Figs. 2–5).

Validation of cloud microphysical properties is al-
ways difficult. However, there are some indicators on

the accuracy of CPS and COT. The first is that AIRS
calculations using retrieved COT and CPS fit the ob-
servations within an acceptable level, as shown in Figs.
10–12. The BT residuals between the calculations and
observations, along with the rms of the noise-equiva-
lent temperature difference (NeDT) from all of the
AIRS cloudy footprints (8094 successful retrievals) in
the granule, are shown in Fig. 14. The BT residual
rms with both the MODIS � AIRS 1DVAR and the
AIRS MR are less than 1.5 K (although larger than

FIG. 10. (top) AIRS spectra of BT observations (black line), BT calculations with 1DVAR (MODIS � AIRS, red line), and BT
calculations with MR (AIRS alone, blue line) for AIRS footprints of (left) high clouds (F1), (middle) middle–high clouds (F2), and
(right) middle clouds (F3), respectively. (bottom) The BT differences between the observations and the calculations for the three AIRS
footprints.

FIG. 9. MODIS 1-km CCM superimposed on AIRS footprints for boxes A1 and A2 shown in Fig. 6: L. Cld is low clouds, H. Cld is
high clouds, and Mid. Cld is medium-level clouds.
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the AIRS rms NeDT) for most AIRS window chan-
nels; this indicates that the algorithm performs reliably.
The MODIS � AIRS 1DVAR and the AIRS MR
have similar residuals for the AIRS channels between
790 and 920 cm�1, suggesting that the CPS retrievals
should be close between the MODIS � AIRS 1DVAR
and the AIRS MR. However, the AIRS MR has
smaller residuals than the MODIS � AIRS 1DVAR
for AIRS channels between 930 and 1130 cm�1, indi-
cating that MODIS VIS/NIR COT might be much
larger than the actual AIRS IR COT solution, because
of the optical difference between the VIS/NIR and the
IR observations. The second is that cloud-property
retrievals such as COT and ECA can also be veri-
fied using the MODIS 1-km classification mask (Li
et al. 2004a,b). For example, the ECA and COT re-
trievals in Figs. 10 and 11 are consistent with the

MODIS 1-km classification mask, indicating the reli-
ability of the cloud property retrievals with MODIS/
AIRS data.

Although cloud microphysical property remote sens-
ing using the IR method is not new, retrieval of cloud
microphysical properties from a hyperspectral IR such
as the AIRS sounder is relatively new; we believe that
it is useful to investigate the cloud information and de-
velop an efficient procedure to derive cloud properties
from hyperspectral IR data during both the daytime
and nighttime with help from multispectral-band im-
ager data with high spatial resolution. This work will
benefit our future operational processing of CrIS on
NPOESS and HES on GOES-R, for example, using
VIIRS to help CrIS and ABI to help HES for cloud
microphysical property retrieval during both the day-
time and nighttime.

FIG. 12. (top) AIRS spectra of BT observations (black line), BT calculations with 1DVAR (red line), and BT
calculations with MR (blue line) for the (left) thin water clouds (F7) and the (right) thick water clouds (F8).
(bottom) The BT differences between the observations and the calculations for the two AIRS footprints.

FIG. 11. (top) AIRS spectra of BT observations (black line), BT calculations with 1DVAR (red line), and BT calculations with MR
(blue line) for AIRS footprints of (left) ice clouds (F5), (middle) ice clouds over water clouds (F4), and (right) scattered ice clouds over
water clouds (F6). (bottom) The BT differences between the observations and the calculations for the three AIRS footprints: OBS �
(MODIS � AIRS) means observations minus calculations from the MODIS � AIRS 1DVAR retrieval, and OBS � AIRS means
observations minus calculations from the MR retrieval.
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8. Summary and conclusions

Two approaches for synergistic use of the MODIS
mask products (cloud mask, CPM, and CCM), the op-

erational MODIS cloud microphysical cloud products,
and the AIRS radiance measurements for retrieving the
CPS and COT are described in this paper.

The MODIS cloud mask, CCM, and CPM with 1-km

FIG. 13. (top) The AIRS BT image at a window (901.69 cm�1) channel and (bottom) the
COT retrieval image with MR method on 2 Sep 2003. MODIS cloud mask and CPM are used
to help the AIRS COT retrieval.
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spatial resolution are used to characterize the AIRS
subpixel cloud condition (clear/cloudy, ice/water,
single/multilayer) during both the daytime and night-
time. 1DVAR is used for cloud microphysical property
retrieval with the operational MODIS COT and CPS as
the background information during the daytime, while
MR can be used for cloud microphysical property re-
trieval during both the daytime and nighttime.

Unlike the CTP and ECA retrieval (Li et al. 2004b),
the cloud microphysical property retrieval from the
MODIS � AIRS 1DVAR is not shown to be better
than either the operational MODIS product or the
AIRS MR retrieval; this is due to the fact that the
operational MODIS product is derived from the VIS/
NIR observations, whereas the MODIS � AIRS
1DVAR and AIRS MR algorithms seek the COT and
CPS solutions by fitting the calculations with IR obser-
vations. Comparison between IR and VIS/NIR for
cloud microphysics should be carefully investigated.
For thin cirrus clouds that are invisible in visible bands
IR has the advantage; for thick clouds VIS/NIR should
be better. The MODIS � AIRS 1DVAR is similar to
the AIRS MR for COT and CPS retrieval in most situ-
ations, but it is more computationally efficient. The
COTs from the AIRS MR are different from those of
the operational MODIS product, but there is good cor-
relation between them.

In summary, (a) MODIS mask products (cloud mask,
CPM, and CCM) help the cloud microphysical property
retrievals in both the MODIS � AIRS 1DVAR and the
AIRS MR by identifying the clear coverage and cloud
phase within AIRS subpixels; (b) MODIS mask prod-
ucts can also be used to verify the cloud property re-
trieval (e.g., AIRS COT retrieval should be consistent

with MODIS cloud fraction and ECA within the AIRS
subpixel) and to guide the two-layered cloud property
retrieval (e.g., using MODIS CCM) in our future work;
(c) the MODIS � AIRS 1DVAR provides efficient
cloud property retrievals from AIRS radiance measure-
ments during day, and the AIRS MR provides the
cloud microphysical property retrievals from the AIRS
radiance measurements during both the daytime and
nighttime.

Multilayer clouds occur often for the AIRS foot-
prints. The effective CTP is derived for the multilayer
cloudy footprints (see Fig. 12). More accurate retrieval
of multilayer cloudy microphysical properties requires
an efficient fast multilayer cloudy radiative transfer
model, which is currently under development. It also
requires accurate CTP for every cloud layer.

The following specific conclusions can be made:

1) AIRS window channels (790–1130 cm�1) provide
abundant information of cloud microphysical prop-
erties.

2) Error of the CTP estimate is the major source of
error in the cloud microphysical property retrieval
with IR sounder data.

3) There are limitations on the cloud microphysical
property retrieval from AIRS observations when
the clouds are very thick (COT �10) or very thin
(COT 0.1).

4) The MODIS mask products (cloud mask, CCM, and
CPM) are very important in retrieving the cloud
properties.

5) MODIS and AIRS data provide unprecedented in-
formation on cloud properties (CTP, ECA, COT,
and CPS) to support tropical cyclone studies. The

FIG. 14. The BT rms residuals from NeDT (solid line), the MODIS � AIRS 1DVAR
retrievals (dotted line), and the AIRS-alone MR retrievals (dashed line).
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AIRS MR products during both the daytime and the
nighttime, as well as the MODIS � AIRS 1DVAR
cloud properties during the daytime, can be derived
for the study of significant weather events such as
tropical cyclone genesis and intensification.

The independent validation of cloud property prod-
ucts with synergistic use of MODIS and AIRS is ongo-
ing by comparison with other available measurements,
such as lidar observations, pilot reports, radiosonde ob-
servations, and in situ cloud measurements, as well as
cloud measurements from other EOS satellites and op-
erational weather and environmental satellites. Mea-
surements during TCSP will also be collected for vali-
dating the MODIS/AIRS cloud properties. A cloud
model handling two-layered clouds (e.g., ice over wa-
ter) is also under development; the variable crystal hab-
its will also be considered in the model in future work.
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